Introduction: Informant-reported subjective cognitive decline (iSCD) has been associated with a higher risk of conversion to dementia, but the findings of whole brain functional connectivity strength (FCS) changes in iSCD are limited. Methods: The sample comprised 39 participants with iSCD and 39 age-and sex-matched healthy controls. The global absolute (aFCS) and relative functional connectivity strengths were estimated using weighted degree centrality and the z-scores of the weighted degree centrality respectively. FreeSurfer was used for measuring cortical thickness. Results: The aFCS was lower in iSCD primarily in left medial superior frontal, left precuneus, left parietal, right cuneus, and bilateral calcarine; while relative functional connectivity strength was higher in posterior cingulate cortex/precuneus compared with healthy controls. No significant differences in cortical thickness were observed. Discussion: There are detectable changes of FCS in iSCD, with the precuneus possibly playing a compensatory role. FCS could therefore have a potential role to serve as one of the earliest neuroimaging markers of neurodegenerative disease.
Background
Subjective (self-or informant-reported) cognitive decline (SCD), which may be present before any objective evidence of cognitive impairment, has been associated with an increased risk of future cognitive decline and conversion to mild cognitive impairment or dementia [1] . Although research into SCD has been associated with several unresolved challenges, primarily the variability in defining SCD across studies, the heterogeneity of factors related to SCD, and the limited knowledge of the neurobiological mechanisms underlying SCD [2] , it has attracted significant attention because of the potential for SCD as an early marker of neurodegenerative conditions [3] . SCD may be based on self-report or that by an informant-reported subjective cognitive decline (iSCD) [4, 5] , and it has been shown that informant-report is indicative, reliable, and more associated with objective markers of disease than self-report [6] .
With the premise that SCD is indicative of early stage neuropathology, it should arguably be possible to detect changes at this stage using modern neuroimaging techniques. The resting-state functional MRI (r-fMRI) has emerged as a powerful tool to explore intrinsic functional networks. Although many studies have investigated SCD [7] , only a few applied the r-fMRI to explore it based on informant-report [8] . In the previous studies, Wang found reduced default mode network (DMN) connectivity in 23 informant-verified cognitive complaints using independent component analysis [9] . Another r-fMRI group found that cognitive complaint index scores from self and informant were associated with altered resting-state networks [10] . In a self-reported SCD study, individuals in the SCD group had higher amplitude of low-frequency fluctuations than did those in the control group, with no significant group differences in gray matter (GM) volume [11] . However, these studies examined abnormalities at the network level or did not perform whole-brain voxel-wise comparison of functional connectivity strength (FCS) in iSCD. The voxelwise methodology enables whole brain hub mapping but avoids parcellation-dependent effects on the topological organization of brain networks [12] . FCS that sums the weights of all the connections of a given voxel, measures the functional importance of a given voxel in support of information transfer in the whole brain [13] . Mean FCS has been applied to study functional hubs of Alzheimer's disease (AD) [12, 13] , emphasizing AD-related degeneration of specific brain hubs. These studies found that brain hubs (i.e., the regions with higher FCS) were mainly distributed in several DMN regions in both AD and healthy control groups [12, 13] . However, the finding of FCS changes in patients with iSCD has not been well established in the literature.
In this study, we sought to determine whether brain FCS changes can be detected at the stage of iSCD. We studied participants with iSCD in community-dwelling elderly adults drawn from Sydney Memory and Aging Study (MAS). Given that the iSCD was associated with informant-reported memory-related complaints, we hypothesized that there would be disturbed functional connectivity at an early pre-dementia stage, which was indicated by lower absolute FCS in memory-related brain regions in iSCD compared with controls. We also hypothesized that there would be a possible compensatory role for some regions indicated by higher relative FCS in these regions in iSCD.
Methods

Participants
Participants were drawn from the MAS, a longitudinal study of community-dwelling individuals recruited randomly through the electoral roll from the Eastern region of Sydney [14] . Participants were excluded if they had suffered any medical or psychiatric conditions that may have prevented them from completing assessments, had a MiniMental State Examination score , 24 [15] adjusted for age and education or had received a diagnosis of dementia, schizophrenia, bipolar disorder, multiple sclerosis, motor neuron disease, developmental disability, or progressive malignancy. Participants were classified as cognitively normal if performance on all test measures was above the 6.68 percentile (-1.5 SDs) or equivalent score compared to normative published values, they were not demented and they had normal function or minimal impairment in IADLs defined by a total average score ,3.0 on the Bayer ADL scale [16] . The iSCD was applied to individuals who have informant-reported memory-related complaints, such as having difficulty with remembering names and recalling where one has placed things, but exhibit a normal range neuropsychological test performance. For the current study, 348 cognitively normal participants were included, of which 107 had definite informant questionaires and r-fMRI data, and 101 had artefact-free fMRI scans. Of these, 39 met criteria for iSCD, and 39 age-and sex-matched healthy controls were randomly selected from the others. Written informed consent was obtained from both participants and informants. Ethics approval was obtained from the Human Research Ethics Committees of the University of New South Wales and the South Eastern Sydney Local Health District.
Informant-based cognitive complaints
Participants were asked to nominate an informant to answer questions relating to the participant's memory, thinking, and daily functioning. The informant had to have at least 1 hour of contact with the participant per week and preferably be cohabitating with them. Informants completed 19 questions about the participant's cognition by a mail-back questionnaire, including a modified short Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) [17] , which asks informants to rate participants' function when compared with 5 years ago on several memory and nonmemory domains. In addition, the informant completed a questionnaire about care provision, a sleep questionnaire. The informant questions from the General Practitioner assessment of Cognition (GPCOG) [18] , which included two memory and one language question, were asked over the phone by the research psychologist [14, 19] . 
Image acquisition
Image processing
All the resting-state fMRI scans were pre-processed and analyzed using Data Processing Assistant for Resting-State fMRI (http://restfmri.net/forum/DPARSF), which was implemented as a toolbox for Statistical Parametric Mapping (SPM12) (http://www.fil.ion.ucl.ac.uk/spm/software/ spm12/). The first 10 volumes were discarded due to signal equilibrium and to allow the participants' adaptation to the scanning noise. The images were corrected for slice-timing and head movement correction. We further normalized all images to Montreal Neurological Institute (MNI) space by using the EPI template and resliced with a voxel size of 3 ! 3 ! 3 mm 3 to agree with the GM probability maps. The images were then smoothed with a Gaussian kernel of a 4-mm full-width half maximum (FWHM) Gaussian Kernel. To remove the effect of physiological noise, we covaried global signals and signals from cerebrospinal fluid and white matter after removing linear trend. Finally, a band pass filter (0.01-0.1 Hz) was applied to reduce the low frequency drifts and high-frequency noise.
Computations of aFCS and rFCS
We measured the global absolute functional connectivity strengths (aFCS) based on the number of strongly correlated links to a given brain voxel. The aFCS was computed by sum of weights of all the connections of a given voxel that exceeded a predefined optimized threshold, which is also known as weighted degree centrality [12, 13] . Specifically, Pearson's correlation (r) between the BOLD (blood oxygen level-dependent) time series of each pair of voxels within a GM mask without cerebellum (with the number of voxels of the mask N 5 45,381) was calculated and only Pearson's correlation coefficients above a threshold of r . 0.2 were used. Then Fisher's r-to-z transformation was applied to improve the normality of the correlation remaining coefficients. Finally, the whole-brain functional connectivity matrix for each participant was generated. The weighted degree centrality (i.e., aFCS) of each voxel was defined as aFCS voxel ðiÞ 5 P r ij ; where j 5 1.N; isj. r ij was the correlation coefficient (after Fisher's r-to-z transformation) between any two voxels within the mask. In this context, aFCS measures the correlation extent of a given voxel with all other voxels in the mask. A larger aFCS value indicates greater strength of functional connectivity of a voxel to other voxels in the brain.
The relative functional connectivity strength (rFCS) was defined as follows. After having constructed the degree map with the threshold of r 0.2, the values of the degree map were standardized to z-scores to make them comparable across subjects. The z-score standardization is,
where u and d are the mean and SD of the degree measure aFCS across all N nodes. The conversion to z-score of each degree map did not influence the topography of individual map but each participant's map could then become standardized for comparison [13] . Greater rFCS in a region suggests that there is more functional connectivity in that region relative to other brain regions. The peak locations in the map were considered as hubs [13] .
Computations of cortical thickness
To measure cortical thickness, T1-weighted images were processed with the longitudinal pipeline available in FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). Briefly, the steps involved removal of nonbrain tissue, intensity normalization, tessellation of the white/GM boundary, and inflation and registration of the cortical surface to the spherical atlas according to the folding patterns of each individual [20] . Cortical thickness is calculated in FreeSurfer as the closest distance from the white/gray boundary to the pia mater at each vertex on the tessellated surface.
Statistics
To explore the within-group rFCS patterns, voxel-wise one-sample t-tests were performed on the individual functional connectivity maps for iSCD and healthy controls separately (two-tailed GRF correction, voxel level: P , .005; cluster level: P , .05). We set this threshold to find the highly connected regions which can be considered as potential hub regions. The between-group differences of aFCS and rFCS were compared using permutation test for two sample t-test and corrected for multiple comparisons (10,000 times, cluster-defining threshold: P .01, FWE-corrected: P .05). Cortical thickness analyses were then performed using the QDEC toolbox of FreeSurfer. The intergroup differences were investigated using vertex-based two sample t-test obtained with general linear models using a false discovery rate of 0.05 (FDR , 0.05).
Validation analysis
Previous studies have suggested that brain function could potentially be influenced by structural differences (e.g., GM differences) among groups [21, 22] . To explore the possible confounding effect of GM atrophy, in the present study, we performed a voxel-based morphometry analysis for structural images by SPM12. We reanalyzed the intergroup differences of aFCS and rFCS by taking GM volume as covariates (two-tailed Gaussian random field correction voxel level: P , .005; cluster level: P , .05).
Results
Demographic analysis
Descriptive statistics for each group are displayed in Table 1 , and other cognitive scores are presented in Table  S1 and Table S2 in the Supplementary Material. There were no significant group differences in age, sex, years of education, or Mini-Mental State Examination scores. The average age of all the participants is 83, and each group includes 19 males and 20 females. Fig. 1 shows the FCS maps of iSCD and healthy controls separately. Prominent rFCS hubs of both samples were located within precuneus, cuneus and parietal (two-tailed Gaussian random field correction, voxel level: P , .005; cluster level: P , .05). In addition, we also observed high rFCS in other brain regions such as the occipital cortex and medial frontal. The resulting functional connectivity maps were projected onto a standard brain surface as shown in Fig. 1. 
Within-group functional connectivity
Group differences in aFCS and rFCS
Permutation test revealed that aFCS in iSCD was significantly lower compared with healthy controls in left medial superior frontal (Brodmann areas, BA10/11), left precuneus (BA5/7), left parietal (BA7/40), right cuneus (BA18/19), and bilateral calcarine (BA17/19) as shown in Fig. 2 (10,000 permutations, cluster-defining threshold: P .01, FWE-corrected: P .05). Most of these regions are the main components of the DMN, and bilateral calcarine gyri are components of the visual cortex. No nodes with significantly higher aFCS were found in iSCD. See Table 2 for the list of main regions.
The iSCD had higher rFCS than healthy controls in PCC/ precuneus (BA7/31) in the left hemisphere as shown in Fig. 3 (10,000 permutations, cluster-defining threshold: P .01, FWE-corrected: P .05). No significantly lower rFCS was observed in iSCD. See Table 2 for the list of main regions.
FCS analysis with GM volume as covariates
The results of inter-group comparisons in aFCS and rFCS by taking GM volume as covariate are shown in Fig. 4 . We found that the results were almost the same with or without GM volume as covariate.
Cortical differences
Because five participants (three iSCD, two HC) of our samples had unsatisfactory 3D T1-weighted scans, we compared the cortical thickness of 36 iSCD participants and 37 healthy controls. No significant differences in cortical thickness were observed after false discovery rate correction between iSCD and healthy controls.
Discussion
In this study, we examined the differences in FCS between participants with iSCD and age-and sex-matched healthy controls. Relative to healthy controls, individuals with iSCD had lower aFCS in regions, which are main components of DMN and the visual pathway. Individuals with iSCD also showed higher rFCS in PCC/precuneus in the left hemisphere. No significant structural (e.g., cortical thickness) group differences were found in the present study, suggesting that the functional changes (e.g., FCS) may be an early feature of cognitive decline. These data indicate that iSCD and healthy controls had significantly different patterns of FCS, which could be considered as the earliest evidence of neurocognitive decline before cognitive impairment became apparent on objective testing. We observed that a set of regions showed decreased aFCS, partly supporting the idea that magnitude of wholebrain connectivity decreases in the course of disease progression [23] . Regionally, we found decreases of aFCS mostly in the precuneus, cuneus, parietal, medial superior frontal, and visual cortices. These regions are involved in high-level cognitive functions and decision-making. Specifically, medial frontal cortex is relevant to different aspects of social cognitive processing [24] , medial prefrontal cortex has been implicated in self-related cognitive processing [25] , parietal cortex contributes to episodic memory retrieval [26] and cuneus/precuneus are involved in learning and memory [27] . The changes in functional connectivity vary in the course of the disease and appear to be commensurate with disease severity in, for example, depression [28] and AD [29] . There has been considerable interest in examining the disruption of the brain's functional networks in AD and other dementias [12, 30] , but investigations at the preclinical stage of SCD have been limited. Self-reported SCD was shown to have lower functional connectivity than healthy controls [31] , and older adults with informant-verified cognitive complaints also showed lower DMN connectivity than healthy controls [9] . Our results are consistent with these findings.
In the present study, we compared the whole brain strength of functional connectivity in the two groups, permitting a more comprehensive characterization for the FCS property of each voxel. We investigated the highly connected regions, which were considered essential for optimal cognitive functioning. We found that the two groups exhibited similar FCS patterns: the regions with high connectivity were located primarily in the parts of DMN regions (including precuneus, cuneus, and parietal) and visual cortex (e.g., occipital), consistent with previous functional network studies [13, 29] . DMN is one of the earlier and most well-studied networks, and it is a set hub regions including the PCC/precuneus, medial prefrontal cortex, and lateral parietal cortex. DMN exhibits increased activity in the resting state, which is suppressed during cognitive tasks [32, 33] , suggesting that DMN is fundamental for modulating cognitive processing [29] . Furthermore, the regions that are part of the structural core and the rich club, namely the cuneus, precuneus, medial superior frontal and parietal lobe, largely overlap with the regions of the DMN [30, 34] . These were also the regions where aFCS was significantly decreased in iSCD, suggesting that these specific brain hubs might be preferentially targeted by iSCD pathology. Abbreviations: FCS, functional connectivity strength; BA, Brodmann's area; MNI, Montreal Neurological Institute; T value, T-statistic value; aFCS, absolute functional connectivity strength; rFCS, relative functional connectivity strength; iSCD, informant-reported subjective cognitive decline. The rFCS values in iSCD were higher than healthy controls in precuneus/posterior cingulate cortex (10,000 random permutations for two-sample t test, cluster-defining threshold: P .01, FWE-corrected: P .05). The hot colors indicate the higher T values in iSCD. Abbreviations: iSCD, informant-reported subjective cognitive decline; rFCS, relative functional connectivity strength.
Beyond parts of the DMN regions, the iSCD also exhibited decreased aFCS in bilateral calcarine regions, which are the main components of the visual cortices. A previous study showed that activity in the calcarine cortex was strongly correlated with spatial working memory response times, specifically at elementary memory load [35] . Zhang also found that individuals with AD had reduced connectivity with PCC in the bilateral visual cortex, right inferior parietal lobe, ventral medial prefrontal cortex and precuneus [29] , and they suggested that the advancing functional connectivity deficits in the region of the visual cortex could also indicate AD progression. These studies provide crucial evidence that disrupted aFCS in DMN and visual cortex may lead to dysfunction in some cognitive task processing, and thereby contribute to informant-reported memory impairment.
Interestingly, our study showed that aFCS in precuneus was lower in iSCD relative to healthy controls, while the rFCS in precuneus was higher. PCC/precuneus is a highly connected and metabolically active brain region [36] . At the cognitive level, PCC was shown to play an important role in regulating the focus of attention [37] , and one influential hypothesis is that the PCC plays a central role in supporting internally directed cognition [33, 38] . While the lower aFCS in precuneus indicated disturbed functional connectivity in iSCD, the greater rFCS in a region suggests that there was more functional or "level of hub" connectivity than other brain regions in iSCD compared to controls [13] . On the other hand, decreased aFCS but increased rFCS in precuneus may suggest an even greater decrease of aFCS in other brain areas for iSCD. We suggest that high rFCS in individuals at greater risk for dementia can be interpreted as part of a compensatory process for the loss. Thus, PCC/precuneus may play a compensatory role in the very early stage of preclinical dementia and more dynamically activate to balance brain workload than that of healthy controls. Another possible explanation is that the brain FCS is remodeled due to its plasticity after impairment of original brain topological networks. Together, our findings provide further support for the importance of the PCC/precuneus abnormalities in informant-reported cognitive decline.
As the central core of the DMN [38] , PCC/precuneus has been described as one of the most important hubs in the brain [34] . The integrity of functional connectivity in PCC/precuneus is required to support healthy information flow, thus ) and left calcarine (BA17/19) (two-tailed GRF correction, voxel level: P ,.005; cluster level: P ,.05). (B)The rFCS analysis. The left and the right are the rFCS differences without or with GM volume as covariates respectively. Similarly, both of the analysis had same significantly altered regions located in precuneus/ PCC (BA7/31) (two-tailed GRF correction, voxel level: P ,.005; cluster level: P ,.05). The color bars indicate T-statistic. Abbreviations: iSCD, informant-reported subjective cognitive decline; aFCS, absolute functional connectivity strength; rFCS, relative functional connectivity strength; GM, gray matter.
supporting normal functioning in many cognitive domains [36] . Because of the disturbed aFCS or other damage throughout the brain, the processing load may be forced to come toward the highly connected regions (e.g., precuneus), potentially improving the relative status of the precuneus in iSCD [39] . First, persistent hyper connectivity in some regions may place neurons under undue metabolic stress, reducing their viability and rendering them susceptible to degeneration [40, 41] . In addition, the structural and functional properties of hub regions might also predispose these regions for pathology, more so than other regions [30, 42] . Furthermore, some affective changes may relate to higher functional connectivity in regions critical for socialemotional processing [43] . Our findings suggest that the functional relevance of the PCC/precuneus is possibly increased when aFCS of other regions in iSCD is disturbed, in order to maintain the overall brain functioning. This important finding is worthy of independent replication.
We would like to point out that most regions with altered FCS were located in left side of the brain, including left medial superior frontal, left PCC/precuneus, left parietal, and left calcarine cortex. Previous findings [21, 29, 44] found that the left side of brain was more seriously affected in AD, both metabolically and structurally. Our results were partly similar to these findings. We speculate that the left side of the brain with altered FCS may be easily influenced in the course of disease progression, but future studies are needed to further explore.
Our findings should also be viewed in the context of the known progression of pathology in AD. All regions of decreased aFCS in the present study were mainly located in the posteromedial part of the brain network, regions that are particularly vulnerable for amyloid pathology at an early stage of the disease. Previous studies indicate that Amyloid b preferentially aggregates in areas of high intrinsic connectivity [45] , especially in the default network [13, 46] . The presence of subjective cognitive impairment/decline was associated with greater b-amyloid and tau burdens [7, [47] [48] [49] , and SCD was also regarded as an early indicator of neuropathology, including tauopathy and amyloid deposition, in clinically healthy older adults [48, 50] . Multiple biological factors must be considered when assessing SCD in clinically cognitively normal [8] , therefore future studies are needed to use multimodal imaging in a fully data-driven way, which can help elucidate the complex relationship between imaging findings, neuropathology and preclinical SCD.
Our study has a number of limitations. First, the diagnosis of iSCD is subject to reporting bias, because complaints from informants can be influenced by a number of psychological factors [19] . Second, we did not have data from positronemission tomography imaging for amyloid and tau, which may be associated with iSCD. SCD is a complex syndrome with great heterogeneity that is likely to be reflected in the neuroimaging findings, and future studies are needed to explore deeply in a fully data driven manner. Finally, this is a crosssectional study and longitudinal studies are needed to assess the changes of FCS with the progression of the disease.
In conclusion, using r-fMRI, we were able to detect abnormalities of FCS in brain networks in iSCD which arguably is an early pre-clinical stage of dementia. Of particular interest is the abnormality in some parts of the DMN, and the possible compensatory role of the precuneus. The altered patterns in iSCD may help elucidate the complex course of cognitive decline in the elderly, which may serve as a biomarker of very early change, with relevance to prevention strategies in the future.
